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ABSTRACT: Plasma membrane organization profoundly impacts
cellular functionality. A well-known mechanism underlying this
organization is through nanoscopic clustering of distinct lipids and
proteins in membrane rafts. Despite their physiological impor-
tance, rafts remain a difficult-to-study aspect of membrane
organization, in part because of the paucity of chemical tools to )
experimentally modulate their properties. Methods to selectively  [gl@¥«e®)
target rafts for therapeutic purposes are also currently lacking. To )
tackle these problems, we developed a high-throughput screen and -
an accompanying image analysis pipeline to identify small
molecules that enhance or inhibit raft formation. Cell-derived O O O i
giant plasma membrane vesicles were used as the experimental 77T
platform. A proof-of-principle screen using a bioactive lipid library

demonstrates that this method is robust and capable of validating established raft modulators including C6- and C8-ceramide,
miltefosine, and epigallocatechin gallate as well as identifying new ones. The platform we describe here represents a powerful tool to
discover new chemical approaches to manipulate rafts and their components.
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H INTRODUCTION resistance to chemotherapeutics, and altering membrane
heterogeneity can modulate cellular responses to chemo-
therapeutic drugs.'” Thus, chemically based strategies could
potentially provide new experimental tools to manipulate rafts
in vitro and even eventually establish new therapeutics for
human diseases linked to raft biology. To our knowledge,
however, systematic screens to identify small molecules that
target the formation and properties of rafts have not been
described.

Major barriers to the discovery of small molecule modulators
of rafts are that, in cells, rafts are diffraction-limited in size and
are only transiently stable."® Thus, raft modulators need to be
identified in model systems that allow for the visualization of
large-scale domains while also retaining the complexity of cell
membranes. Giant plasma membrane vesicles (GPMVs) offer
an attractive solution to this problem.”'*~" Derived from the
plasma membrane of adherent cells, these micron-scale blebs
consist of a complex mixture of proteins and lipids reflective of

Membrane rafts represent an extensively studied vyet
persistently enigmatic example of how membrane organization
can modulate cellular function." Typically defined as nano-
scopic cholesterol-enriched domains that share properties with
liquid ordered domains in vitro, rafts coexist with disordered
domains in cell membranes and regulate numerous cellular
functions by controlling the interaction partners and proximal
membrane environment of associated proteins." Consistent
with their extensive biological roles, rafts have been implicated
in a variety of normal physiological processes as well as
pathological conditions.' ® Raft-dependent processes are
typically identified and manipulated by altering membrane
lipid composition, most commonly via cholesterol depletion.1
However, such approaches can have significant pleiotropic
effects and nonspecifically affect multiple lipid-dependent
pathways.”®

Another possible, though not yet widely explored, approach
to modulate rafts in biological membranes is through the use of
small molecules.”™° For example, specific therapeutics that
can modulate microdomains are being actively considered for
development.” Besides targeting specific lipids that alter
receptor signaling, certain drugs can also modulate general
properties of membrane rafts.'”"" Furthermore, in cancer cell
lines, changes in membrane heterogeneity are correlated with
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Figure 1. Principles underlying the high-content imaging screen and data analysis pipeline. (a) The addition of small molecules can hypothetically
enhance (magenta line), impede (green line), or have no effect on (black line) the ability of GPMVs to undergo phase separation. These outcomes
can be distinguished by comparing the percentage of phase-separated vesicles observed under control and experimental conditions at a single
temperature (dotted blue line). (b—d) Representative high-content image of HeLa cell-derived GPMVs labeled with DiD (magenta) and NBD-
DSPE (green) shown at increasingly higher magnifications. Scale bars: (b) 20 ym, (c) 20 ym, and (d) S gm. (e—j) Example of how angular phase
preference coefficients p,,,(¢) are measured as a function of angle ¢ and used to discern single phase and phase-separated GPMVs. (e—g) Example
of a single phase GPMV, together with a plot and histograms of its corresponding angular phase preference coefficients. (h—j) Example of a phase-
separated GPMYV, together with a plot and histograms of its angular phase preference coefficients. Scale bars (e, h): S ym.

the parent cell plasma membrane composition. A key feature of
GPMVs is their ability to undergo temperature-dependent
demixing that leads to the formation of coexisting macroscopic
liquid raftlike and nonraft domains. These domains share
features with liquid-ordered and liquid-disordered phases
found in synthetic model membranes and can be labeled
with phase-specific fluorescent dyes, allowing for their
visualization using standard fluorescence microscopy ap-
proaches.”'*~'° The temperature at which 50% of GPMVs
are phase-separated under a given set of experimental
conditions is defined as the miscibility transition temperature,
T Tmise varies as a function of cell type and growth
conditions and is hypothesized to reflect the size and lifetime
of nanoscopic domains at physiological temperature.'’
Changes in T, have also been correlated to lipid order as

measured by other analytical methods.'®™*° Thus, T
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provides a simple and robust measure of raft stability.”" Ty
is also sensitive to the effect of small molecules and bioactive
compounds.' "' >'*'?**3 Here, we exploit this behavior to
develop an unbiased, high-throughput screen (HTS) using
GPMVs to identify new chemical modulators of rafts.

B RESULTS

Conceptual Basis for the Screen. Classical measure-
ments of T, are performed by measuring the percentage of
phase-separated GPMVs using fluorescence microscopy as a
function of temperature.'® Effects of small molecules or other
treatments on membrane phase behavior are then evaluated by
comparin% T, measurements obtained under each con-
dition.""'®'»"***=2* This approach is not practical for high-
throughput screening applications, which typically are

performed at a single temperature. We therefore chose to

https://doi.org/10.1021/acscentsci.1c01058
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Figure 2. Results and validation of HT'S for compounds that impact GPMV phase behavior. Histograms of (a) percent phase-separated vesicles and
(b) Pyrgereq for NBD-DSPE across all wells for one representative screen. (c) Z-scores for percentage of phase-separated vesicles across three
independent screens performed on different days to test reproducibility. Vertical lines demarcate the position of individual plates in each screen.
Each data point corresponds to measurements from an individual well (single compound). Compounds with Z-scores >2 are shown in blue, and
compounds with Z-scores <—2 are shown in red. (d) Plot comparing the average Z-scores for P, 4.;.q of NBD-DSPE versus the average Z-scores for
the percentage of phase-separated vesicles versus for each compound across all screens. The identities of several hits are indicated on the graph. (e)
Dose—response curves for two representative hits, TLCK and C6-ceramide. Data represent the mean + SD from 2 independent experiments
performed in duplicate. Insets show structures of TLCK and C6-ceramide. (f) Impact of C6-ceramide and TLCK on AT,.. See Figure S7 for
examples of curves used to calculate AT, ;.. Data represent the mean + SD from 2 independent experiments. Abbreviations in panel d are as
follows: TOFA, S-(tetradecyloxy)-2-furancarboxylic acid; 2-thio-PAF, 1-O-hexadecyl-2-deoxy-2-thio-S-acetyl-sn-glyceryl-3-phosphorylcholine;
TLCK, Na-tosyl-L-lysyl chloromethyl ketone; EGCG, (—)-epigallocatecatchin gallate; N-St. taurine, N-stearoyl taurine; 2-O-methyl PAF 16, 1-O-
hexadecyl-2-O-methyl-sn-glyceryl-3-phosphorylcholine.

monitor changes in the percentage of phase-separated GPMVs established a pipeline for GPMV data analysis. To date,

at a single temperature in response to the addition of small analyses of GPMVs have been performed manually,'>'®*° but
molecules as a surrogate for measuring Ty, directly (Figure this approach is not feasible for high-content imaging. We
l1a). This approach requires that a significant fraction of developed a custom MATLAB-based pipeline to automate
GPMVs are phase-separated under control conditions, such GPMYV image analysis based on an algorithm that automati-
that experimentally induced changes can be readily detected. cally detects and analyzes individual GPMVs in fluorescence
To fulfill this requirement, we used GPMVs isolated from images (see Figure S1 for an overview). It begins by identifying
HeLa cells, which are known to yield a significant fraction of disc-shaped objects and excluding those that fail to meet
phase-separated vesicles at room temperature.”” Based on certain selection criteria (Figure S2). The position of the
established criteria, compounds that increase the percentage of membrane contour for each accepted vesicle is then mapped,
phase-separated GPMVs are defined as raft stabilizers, whereas and plots of fluorescence intensity along the vesicle membrane
those that decrease the percentage of phase-separated GPMVs are generated (Figure S3).
function as raft disruptors/inhibitors of raft formation and lipid The algorithm next uses the fluorescence intensity
heterogeneity.'"** information in the red and green channels to calculate a
To visualize phase separation, GPMVs were labeled with the metric pang((]ﬁ) that quantifies the preference of the fluorescent
fluorescent lipid NBD-DSPE to mark the raft phase and DiD markers for the ordered and disordered phases as a function of
to mark the nonraft phase.15 In phase-separated vesicles, these angle ¢ around the vesicle perimeter. We refer to this metric as
markers are enriched in their preferred domains, such that a a phase preference coefficient Pang(¢)- It is defined as
given vesicle contains a coexisting NBD-DSPE-rich phase and
a DiD-rich phase. In contrast, NBD-DSPE and DiD colocalize b () = 1(¢)
in a single uniform phase in GPMVs that are not phase- ang I(¢p) + I(¢p + 180°)
separated. We also optimized conditions to isolate and plate
GPMVs in multiwell plates. These modifications enabled us to Here, I(¢) corresponds to the fluorescence intensity at angle
capture images containing upward of hundreds of GPMVs per ¢, and I(¢p + 180°) is the fluorescence intensity at angle ¢ +
field at high resolution (Figure 1b—d), setting the stage for 180°. This analysis assumes that the fluorescence intensity at a
high-content imaging. particular position is proportional to dye concentration. Each
Development of an Automated Data Analysis Pipe- GPMV is sampled at angles ranging from 0 to 180° and from 0
line to Enable High-Content Imaging of GPMVs. We next to —180°. In effect, this is the equivalent of drawing a line
372 https://doi.org/10.1021/acscentsci.1¢01058
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Table 1. Compounds That Significantly Alter % Phase-Separated GPMVs

effect on % phase-

chemical name” CasRn separated vesicles z-score

TOFA 54857-86-2 | -3.41
2-thio-PAF 96801-55-7 1 -3.15
C6 ceramide (d18:1/6:0) 124753-97-5 | -3.01
C8 ceramide (d18:1/8:0) 74713-59-0 l —2.87
ciglitazone 74772-77-3 | -2.73
oleyl trifluoromethyl ketone ~ 177987-23-4 | —2.65
OMDM-1 616884-62-9 1 —2.62
cis-trismethoxy resveratrol 94608-23-8 | —245
11(Z),14(Z)-eicosadienoic 2091-39-6 | -2.15

acid
(25)-OMPT 1217471-69-6 ! 212
0-1602 317321-41-8 1 -2.10
N,N-dimethylsphingosine 119567-63-4 | -2.09

18:1)

SU6656 330161-87-0 | —2.06
PAF C-16 74389-68-7 | —2.00
TLCK hydrochloride 4238-41-9 T 6.73
(—)-epigallocatechin gallate ~ 989-51-S ) 4.33
N-stearoyl taurine 63155-80-6 T 3.21
XAV939 284028-89-3 1 2.33
N-palmitoyl taurine 83982-06-3 ) 2.19
8-piperazin-1-yl- 936643-79-7 ) 2.14

isoquinoline

(hydrochloride)
thio-miltefosine 943022-11-5 1 2.12

ALogP function”

6.85  noncytotoxic inhibitor of acetyl-CoA carboxylase and fatty acid
synthesis

4.02  isoteric analogue of platelet activating factor

6.88  cell permeable analogue of naturally occurring ceramide

7.79  cell permeable ceramide analogue

4.53  antidiabetic drug; potent and selective PPARy ligand

8.05  analogue of oleic acid

7.59  endocannabinoid analogue; inhibitor of arachidonoyl ethanolamide
uptake

3.77  antioxidant found in grapes and red wine with antiproliferative,
antineoplastic, and antiangiogenic activities

7.33  uncommon naturally occurring polyunsaturated fatty acid

7.27  selective agonist of the lysophosphatidic acid 3 (LPA;) receptor

479  abnormal cannabidiorcin; agonist of G-protein coupled receptor 55

$.79  metabolite of sphingosine and an inhibitor of sphingosine kinase

2.62  selective inhibitor of Src kinases

346  platelet activating factor C-16; mediates neutrophil migration and
reactive oxygen species production

2.18  nonselective proteinase inhibitor

3.10  phenol found in green and black tea with diverse biological activities

6.29  amino-acyl endocannabinoid

3.68  tankyrase inhibitor

5.38  amino-acyl endocannabinoid

1.17  synthetic intermediate used for pharmacological synthesis

4.47  analogue of miltefosine, an inhibitor of phosphocholine cytidylyl

transferase (CTP) with antimetastatic properties

“Abbreviations: TOFA, 5-(tetradecyloxy)-2-furancarboxylic acid; 2-thio-PAF, 1-O-hexadecyl-2-deoxy-2-thio-S-acetyl-sn-glyceryl-3-phosphorylcho-
line; OMDM-1, (S)-N-(1-(4-hydroxyphenyl)-2-hydroxyethyl) oleamide; (2S)-OMPT, 9Z-octadecenoic acid, (2S)-3-
[ (hydroxymercaptophosphinyl)oxy]-2-methoxypropyl ester, triethyl ammonium salt (1:2); O-1602, S-methyl-4-[(1R,6R)-3-methyl-6-(1-
methylethenyl)-2-cyclohexen-1-yl]-1,3-benzenediol; SU6656, 2,3-dihydro-N,N-dimethyl-2-oxo0-3-[(4,5,6,7-tetrahydro-1H-indol-2-yl)methylene]-
1H-indole-5-sulfonamide; PAF C-16, platelet activating factor C-16 or 1-O-hexadecyl-2-O-acetyl-sn-glyceryl-3-phosphorylcholine; TLCK= Na-
tosyl-Lys chloromethyl ketone; XAV939, 3,5,7,8-tetrahydro-2-[4-(trifluoromethyl)phenyl]-4H-thiopyrano[ 4,3-d]pyrimidin-4-one. bAs reported in

the Cayman product information.

profile bisecting the GPMV at each angle ¢ and using this
information to calculate the percent of the dye present in the
phase at angle ¢. It is thus a generalized version of previously
reported metrics reporting on the enrichment of fluorescent
dyes or lipids in ordered domains such as % Lo, a measure of
the preference of lipid probes for the Lo phase,27 and % raft, a
measure of the % of a given protein in the raft phase.'” The
main distinctions, for the Pang(¢) measurement, are (i) that the
analysis is performed for every GPMYV, (ii) that the bisecting
lines are placed at every angle and are not limited to lines that
cross through two different phases, and (iii) that the analysis
does not make an a priori assumption about which phase
corresponds to the ordered or disordered domain.

For a GPMV in which a single phase is present, ie., the
distribution of red and green dye uniformly distributed across
all angles, p,,,(¢) yields a value of 0.5 (Figure le—g). For a
phase-separated GPMV,, typically, three distinct p,,,(¢p) values
are obtained (Figure 1h—j). For angles where the line bisects
the same phase at angles ¢ and ¢ + 180°, p,,,(¢) yields a value
of 0.5. The other two values of p,,,(¢) report on the phase
preference of the dye for the two distinct phases. When I(¢))
corresponds to the brighter phase, p,,(¢) will be >0.5.
Conversely, when I(¢) corresponds to the dimmer phase,
Pang((b) will be <0.5. Because each GPMV is sampled at angles
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ranging from 0 to 180° and from 0 to —180°, each position is
sampled twice but from different directions (Figure 1h—j).

The program then generates histograms of p,,,(¢) for each
GPMYV and fits them to determine (i) if they are best described
by one Gaussian (single phase) or three Gaussians (phase-
separated) and (ii) the position of the maxima recorded. Each
vesicle is then scored as phase-separated or not depending on
whether histograms of the partition coefficients consist of a
single peak, indicating that a single phase is present, or multiple
peaks, reflecting the presence of fluorophore-rich and
fluorophore-poor domains (Figure le—j). Using this tool, it
is possible to quickly identify and analyze hundreds of
individual GPMVs per image across multiple images and
wells of multiwell plates in an automated fashion. This enabled
us to quantify phase separation and phase preference
coefficients for large vesicle populations, for example, by
averaging the percentage of phase-separated vesicles and NBD-
DSPE phase preference for the GPMVs detected in each well
and then generating histograms of these values across all of the
wells of a representative screen (Figure 2a,b).

Because the data analysis pipeline depends on the accurate
detection of the percentage of phase-separated vesicles, we
next confirmed whether it could detect phase-separated
vesicles with equal efficiency in the red and green channels

https://doi.org/10.1021/acscentsci.1c01058
ACS Cent. Sci. 2022, 8, 370-378
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Table 2. Compounds That Significantly Alter NBD-DSPE Raft Phase Preference

. b
function

selective antagonist of the S1P;/EDG3 receptor, a member of a family of G-protein

coupled receptors that bind sphingosine-1 phosphate (S1P)

selective inhibitor of COX-1

nonselective proteinase inhibitor
amino-acyl endocannabinoid

analogue of miltefosine, an inhibitor of phosphocholine cytidylyl transferase (CTP) with

antimetastatic properties

effect on
chemical name® CasRn Pang(®h)  z-score  ALogP
CAY10444 298186-80-8 ) —-2.04 2.05
FR122047 130717-51-0 l -2.03 3.79
(hydrochloride)
TLCK hydrochloride ~ 4238-41-9 ) 5.69 2.18
N-stearoyl taurine 63155-80-6 ) 2.89 6.29
thio-miltefosine 943022-11-5 T 2.78 4.47
2-O-methyl PAF C-16  78858-44-3 1 2.68 3.49
S-ethyl isothiourea 1071-37-0 ) 2.57 0.77
(hydrobromide)
arachidonoyl- 166100-37-4 ) 2.38 6.88
2’-fluoroethylamide
methylcarbamyl PAF 91575-58-§ T 2.20 3.46
C-16
MK-886 118414-82-7 ) 2.10 8.11

synthetic platelet activating factor analogue

potent inhibitor of nitric oxide synthase
analogue of anandamide that binds cannabinoid receptors
stable analogue of platelet activating factor C-16

amino-acyl endocannabinoid

“Abbreviations: 2CAY10444, 2-undecyl-thiazolidine-4-carboxylic acid; FR122047, 1-[[4,5-bis(4-methoxyphenyl)-2-thiazolyl]carbonyl]-4-methyl-
piperazine, monohydrochloride; MK-886, 1-[(4-chlorophenyl)methyl]-3-[(1,1-dimethylethyl)thio]-a,a-dimethyl-S-(1-methylethyl)-1H-indole-2-

propanoic acid. ”As reported in the Cayman product information.

across multiple images (Table S1). For GPMVs that contain
both red and green dyes, ~90% were reported as being phase-
separated in the red channel, compared to ~65% reported as
phase-separated in the green channel. This is due to the
exclusion of a large percentage of red GPMVs from the final
analysis, likely due to the relatively high level of DiD
fluorescence in the lumen compared to the membrane contour
(Figure S2c). This appears to be a consequence of the wide
field imaging approach used in the high-content imaging
microscope, as we found that if GPMVs were imaged using a
confocal microscope, a similar percentage of vesicles were
identified as phase-separated in both the red and green
channels (Figure S4). Given this systematic underdetection of
the vesicles in the DiD channel, only data from the green
channel (NBD-DSPE) were used for subsequent data analyses
of % phase-separated vesicles and pang(qb). Because NBD-
DSPE is a raft-preferring lipid probe, we report values of
Pang(¢) > 0.5, which reflect its enrichment in the ordered
phase. For simplicity, we will subsequently refer to this as
P dereds Porderea 1S essentially the equivalent of the previously
reported % Lo metric.”’” In particular, % Lo = F;/(F, + F4),
where F;, and F;4 are the fluorescence intensities of the
reporter in the raft and nonraft phase, respectively.”’

A Proof-of-Principle Screen Identifies Established
and New Chemical Modulators of Rafts. To provide a
proof of concept, we screened the Cayman lipid library
containing ~850 bioactive lipidlike compounds in the
Vanderbilt High-Throughput Screening Facility, using a 1
UM concentration of each compound across three independent
screens. All screens were carried out using an automated
microscope/high-content imaging system and robotic plate
handler at room temperature (RT). After applying vesicle
selection criteria, our final analysis was performed on ~2 X 10°
GPMVs, corresponding to an average of 868 + 437 vesicles per
compound. Compounds were initially scored based on their
capacity to alter the percentage of phase-separated vesicles
(Figure 2a). Seven compounds were found to significantly
increase the percentage of phase-separated vesicles (z-score >
2) while 14 compounds decreased the percentage of phase-
separated GPMVs across at least two independent screening
trials (Table 1, Table S2). Consistent with previous
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28,29 : . .
reports, short-chain ceramide analogues were consistently

identified as raft disruptors that decreased the percentage of
phase-separated vesicles. Acylated taurines were among the
candidates that increased the percentage of phase-separated
vesicles, i.e., stabilized rafts. We also identified a protease
inhibitor, tosyl-L-lysyl-chloromethane hydrochloride (TLCK),
as a potent raft stabilizer in the GPMV model.

Since the raft phase preference of lipid probes is known to
be sensitive to the physical properties of membrane phases,”’
we also examined whether these are affected by the
compounds. Ten compounds significantly altered the phase
preference of NBD-DSPE (z-score > 2) (Figure 2b,d; Table 2,
Table S2). Of the 850 compounds screened, three compounds
(TLCK hydrochloride, N-stearoyl taurine, and thio-miltefo-
sine) significantly affected both the percentage of phase-
separated vesicles and the phase preference, while the others
compounds affected only one parameter or the other (Tables 1
and 2, Table S1). Together, these results indicate that some
but not all bioactive lipids modulate membrane phase
behavior, with varying modes of action.

To validate the results of the screens, we selected two hits
for deeper analysis: the short-chain ceramide analogue C6-
ceramide and the protease inhibitor TLCK (Figure 2e/f). In
dose—response assays, using freshly made reordered stocks of
each compound, TLCK systematically increased the percent-
age of phase-separated vesicles as a function of increasing
concentration, while the opposite effect was observed for
increasing concentrations of C6-ceramide (Figure 2e). Their
effects on the phase preference of NBD-DSPE were also dose-
dependent (Figure SS). In contrast, the vehicle DMSO had
little effect on the percentage of phase-separated vesicles or
phase preference except at the highest concentration studied
(Figure S6).

Next, we independently validated the two candidates, TLCK
and C6-ceramide, by determining changes in T,
DMSO. For these experiments, the percentage of phase-
separated vesicles was measured as a function of temperature.'®
As expected, TLCK increased T, whereas C6-ceramide
lowered T, (Figure 2f, Figure S7). We also assessed their
effects in several different cell types (Figure S8). Thus, these

relative to
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compounds represent bona fide examples of raft modulators in
the GPMV model.

SSMD* Metric Establishes the High-Content Imaging
Screen As a Robust Tool to Identify New Raft
Modulators. Finally, we used C6 ceramide and TLCK as
positive controls to assess the quality and reproducibility of our
assay. The use of the percentage of phase-separated vesicles as
our metric restricts the dynamic range and the use of standard
HTS assay metrics, such as Z-prime.”*' We therefore chose to
calculate the robust strictly standardized mean difference
(SSMD*) to evaluate assay performance and quality for HTS.
This metric uses medians and median absolute deviations to
estimate effect size and variability.”>*” Based on their effects
on the percentage of phase-separated GPMVs, we obtained
SSMD* values of 8.84 + 2.65 for C6 ceramide and 1.34 + 0.29
for TLCK (mean =+ SD, n = 3) (Figure S9), corresponding to
extremely strong and moderate effects, respectively.”> The
SSMD* measurements thus confirm the robustness of the
assay for HTS readiness and establish C6 ceramide and TLCK
as useful positive controls for future screens.

B DISCUSSION

In this work, we have provided a proof of concept for a high-
throughput method to discover chemical modulators of
membrane rafts. In addition to short-chain ceramides, several
of the bioactive lipids identified here, including the
polyphenols epigallocatechin gallate and resveratrol as well as
the alkylphospholipid analogue miltefosine, have previously
been identified as raft modulators, demonstrating the validity
and robust nature of our approach.”******=3* Importantly,
however, we also identified compounds that to our knowledge
have not previously been shown to act on rafts in model
membrane systems or cells, such as TLCK.

The hits varied in their impact on membranes. Some
enhanced while others inhibited membrane phase separation.
The hits thus include examples of compounds that stabilize raft
formation as well as some that inhibit raft formation. Some
compounds affected both phase separation and lipid probe
phase preference, suggesting that they simultaneously affect
lipid raft composition and behavior. Looking broadly across
the hits, no overall trends relating charge or lipophilicity as
reported as ALogP values (a method used to estimate the
logarithm of the partition coeflicient P of compounds in
octanol/water’”*") to activity were immediately evident
(Figures S10 and S11, Tables 1 and 2). However, the
compounds that resulted in the strongest decreases in phase
separation trended toward higher ALogP values compared to
those that show a corresponding increase (Figure S10, Table
1). Not surprisingly, based on the composition of the bioactive
lipid library, a bulk of the hit compounds have molecular
architectures similar to fatty acids.

Together, these findings suggest that at least a subset of the
hits impact domain formation by preferentially inserting into
either the ordered or disordered phase, leading to changes in
their physical properties and ultimately their miscibility.
However, it is also possible that some of the hits influence
membrane phase separation in other ways. For example, some
of the non-fatty-acid singleton hits, such as (—)-epigalloca-
techin, TLCK, resveratrol, and ciglitazone, contain chemical
moieties that have been recognized to commonly yield false-
positive screening results and/or are known to exhibit
pleiotropic biological effects, including cell membrane
perturbations.*”** Some compounds could potentially impact
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phase behavior indirectly by chemically modifying lipids or
membrane proteins, similar to the behavior of some of the
chemicals used to induce blebbing of GPMVs.”" It is possible,
for example, that TLCK, which contains an electrophilic group,
can covalently attach itself to some component of the
membrane and thus induce the observed effects. Further
testing which of these mechanisms are operative for each of
these compounds as well as evaluating their impact on raft-
dependent biological activities are important goals for the
future.

It is also important to recognize the limitations of this assay
in identifying viable raft targets. Some of these limitations are
technical. For example, we observed positional effects that are
likely linked to temperature changes as the plates were loaded
into the imaging chamber, an effect that could be corrected
computationally. We also found that our data analysis
algorithm underestimates the percentage of GPMVs labeled
with DiD due to the fluorescence signal in the interior of the
GPMVs. We overcame this issue by relying on the NBD-DSPE
fluorescence signal for data analysis and showed that this effect
can also be minimized experimentally using confocal imaging.
Because the assay was carried out at RT, only the DTT
method for isolating GPMVs can be used. This is because the
transition temperature of GPMVs isolated using the NEM
method is quite low.?® Indeed, at RT, using the NEM method,
nearly all of our GPMVs exhibit a single phase (data not
shown). It is also important to optimize the parameters used in
the high-content image analysis software for different
experimental set-ups and to visually inspect images during
this process. Other limitations of the assay reflect the imperfect
nature of GPMVs as a proxy for quantifying lipid raft
properties. Although they have a lipid composition similar to
plasma membranes, GPMVs exhibit a partial loss of lipid
asymmetry.”> They also lack an underlying actin cytoskeleton,
which normally functions to corral membrane domains and
sustain or dampen lipid-mediated heterogeneity.**”** Mem-
brane curvature also differs between GPMVs and live cell
membranes. Clearly, much work remains to determine whether
the compounds identified here modulate raft-mediated
functions in cells such as clathrin-independent endocytosis or
immune signaling.*”** Establishing whether their raft-modulat-
ing activities in GPMVs are predictive—or not—of their
biological consequences should help lead to a better under-
standing of the limitations of the raft hypothesis itself.

We envision a number of immediate applications of this
screening approach beyond extending it to other chemical
libraries. As one example, it could be used to identify small
molecules capable of modulating rafts without requiring
changing levels of membrane cholesterol or sphingolipids,
the current standard in the field. Since many clinically relevant
membrane processes occur on the inner leaflet of the plasma
membrane, this approach could be expanded to identify small
molecules that act on inner leaflet phase separation using
lipidated raft and nonraft preferring proteins as markers.*
Examples of a disordered domain marker include a peptide
anchored to the inner leaflet through a polybasic sequence and
an attached geranylgeranyl moiety, whereas a minimal lipidated
peptide with a saturated palmitoyl and myristoyl modifications
preferentially associates with ordered domains.**”*’ Given
that rafts have been broadly implicated in human disease and
are also exploited by pathogens,' ® candidates discovered
through this approach could also be utilized to probe the
pathophysiology of raft-associated diseases and possibly even
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be exploited for therapeutic applications. Our screening
strategy could also be leveraged to identify small molecules
that modulate the association of specific proteins with raftlike
domains while leaving rafts themselves unperturbed. Finally,
the high-content image analysis pipeline described here should
also have broad and immediate applications in studies utilizing
GPMVs and other vesicle-based membrane models such as
GUVs. For example, it could greatly accelerate efforts to
understand mechanisms that control the affinity of membrane
proteins for raft domains.”® Through these combined
advances, it should become feasible to study, manipulate,
and harness rafts in ways not previously possible.
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